The behavior of laminar rich, organic gellant-based premixed spray flames is investigated for the first time. The pulsating evaporation of such spray droplets, that has been observed experimentally, is accounted for. The numerical investigation discloses two main important findings. First, the phenomenon of the creation of flame hot-spots in organic gellant-based spray diffusion flames, associated with the pulsating evaporation, is absent in the premixed flame context. Second, the influence of the temperature of onset of the pulsations and their frequency on the propagation velocity of premixed gel spray flames was examined. These parameters were found to impact on whether the flame front moves steadily through the initial pre-mixture or whether it exhibits oscillations in its movement.
Introduction
In the early 1960s the Federal Aviation Agency published a report on the feasibility of using turbine fuel gels for the reduction of crash fire hazards. 1 The idea that was investigated involved the use of a combustible gelled fuel so that the burning rate would be reduced under crash conditions.
Since then the desirable safety features of gels have brought them to the fore as potentially applicable for situations in which high-performance propellants are required, but with significant safety strictures. The uniqueness of gels, as opposed to conventional liquid or solid propellants, is concisely captured by Brinker and Scherer 2 in their definition of a gel as a ''substance that contains a continuous solid skeleton enclosing a continuous liquid phase. The continuity of the solid structure gives elasticity to the gel''. Essentially, this means that gels are liquids whose rheological properties have been modified by the addition of gelling agents so that their resulting behavior is that of non-Newtonian time-dependent fluids. This change of the rheological behavior can prevent agglomeration, aggregation and separation of a metal solid phase from the fuel during storage.
In recent years a body of literature has accumulated dealing with many of the multifaceted aspects of these fuel gels. Attention was directed to understanding preparation processes of gel propellants, their basic rheology and flow, atomization, combustion and energetic performance, applications and demonstrations of technological feasibility, material compatibility and impulse intensification by metal content for space applications. The first thorough review of the state-ofthe-art appears in Natan and Rahimi 3 and some representative research dedicated to strictly non-combustion gel issues can found in literature. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The current paper relates to the combustion of a spray of organic gel-based droplets. In a study of the combustion of suspended individual organic gellant-based fuel droplets it was found that their burning characteristics were quite different from those of inorganic gellant-based fuel droplets. 15 In the former case it was observed that as heating occurs the gel structure ceases to exist and a binary mixture of liquids (fuel and gellant) with different properties is produced. The low boiling point liquid (the fuel) evaporates and an elastic layer of gellant forms around the droplet, which prevents further fuel vaporization from the droplet surface. Thus, a fuel vapor bubble is formed in the interior and the droplet swells. Eventually the outer layer is perforated, releasing evaporated fuel to the surroundings. After the occurrence of this burst of fuel vapor the droplet shrinks, an elastic outer layer is reformed and the cycle repeats itself a number of times until the liquid fuel in the droplet is completely depleted. The complex sequence of mutually interacting physical mechanisms that lead to this pulsating-type of evaporation behavior is far from fully understood. Further elucidation is presented in literature [16] [17] [18] [19] and a simplified model is given in Kunin et al. 20 A recent publication 21 has made an impressive first effort at modeling the detailed unsteady behavior of a single organic fuel gel droplet (unsymmetrical dimethylhydrazine (UDMH) burning in a nitrogen tetroxide oxidizing atmosphere) and comparing predicted and experimental data. The calculations show the same trend as experiment for the behavior of droplet diameter and temperature, although quantitative discrepancies exist.
In order to circumvent the complexity of the detailed physics of the combustion of gel fuels a much simpler, phenomenologically-based model was adopted in attempts to analyze the thermal explosion problem for an organic gel fuel in hot surroundings. 22, 23 Likewise, in a series of publications [24] [25] [26] [27] based on the thesis by Kunin, 28 the basic modeling starting point was the experimental observation of the phenomenological fact that the organic gellant-based fuel droplets evaporate in an oscillating fashion upon reaching a critical temperature. 4 This behavior is strikingly different not only from that of inorganic gellant-based fuel droplets but also from that of purely liquid droplets that are widely used in a range of combustion engineering applications. The aforementioned publications addressed the question as to how the phenomenological oscillating evaporation of an organic gellant-based fuel droplet within a spray of like droplets is expected to influence the characteristics of the flame they are being used to fuel. The frequency of oscillatory evaporation of the droplets is controlled by such factors as the droplet size, the make-up of the droplet (i.e. gellant versus liquid fuel content) and ambient conditions. Comprehensive experimental data are still not yet available in order to quantify such effects, but the fact that the frequency of the evaporation oscillations may vary under different operating conditions was taken as given and attention was focused on this particular peculiarity of a gellant droplet's behavior and its influence on spray gel flames. The modeling framework adopted the approach, often espoused in laminar combustion theory, whereby geometrically simple systems that lend themselves to a fairly straightforward mathematical/numerical analysis are considered, thereby enabling dominant physical and chemical mechanisms at play to be isolated and categorized in a clear-cut manner in terms of their relative importance. The laminar co-flow diffusion flame was considered and the theory disclosed the interesting phenomenon of the production of hotspots downstream of the main homogeneous diffusion flame front as a result of downstream heterogeneous pulsating combustion of clusters of gellant-based fuel droplets.
In the current work a similar phenomenological approach is implemented but the scenario is now that of a laminar premixed flame propagating through a pre-mixture of oxidizer, a spray of gellant-based fuel droplets and an inert gas. The influence of the gellantbased fuel on the burning velocity and flame propagation is investigated for the first time and it is found that use of the gellant-based fuel can have a significant impact on conditions for steady-state flame propagation.
Description of model
A conventional constant density reaction-diffusion model is adopted. For the fuel-rich case a conservation equation must be solved for the deficient reactant, the oxidant only. The chemical kinetics is described using a single-step irreversible exothermic reaction. The spray of evaporating gellant-based fuel droplets is modeled using the sectional approach. 29 For the sake of simplicity the mono-sectional case is considered here.
In appropriately chosen units (see classical formulations for premixed gas flame theory, 30, 31 ) the corresponding set of equations for the temperature, oxidant mass fraction and gellant-based fuel liquid mass fraction reads
where the total rate of evaporation is given by
In these equations T is the non-dimensional temperature in units of T b ¼ T 0 þ QC 0 /c p , the adiabatic temperature of combustion products in a pure gas flame, C and C d are the scaled concentrations of the oxidant mass fraction and fuel liquid mass fraction. In the fresh pre-mixture: where T P is the predefined temperature at which oscillating evaporation of the gel fuel begins, t(x, y) is the time when gel evaporation begins at the point (x, y), ! is the frequency of evaporation of the organic gellantbased fuel, Le ¼ D th /D is the Lewis number, D is the molecular diffusivity of the oxygen, c p is the specific heat, Q is the heat of reaction, (C;T) is the appropriately normalized reaction rate to ensure that at large N the non-dimensional speed of a steadily propagating planar adiabatic flame is close to unity, Á ¼ ðD th =U 2 b ÞĈ is the vaporization Damko¨hler number and C is the sectional vaporization coefficient and, finally, is the non-dimensional latent heat of vaporization of the droplets in the spray.
In addition, use is made of the Heaviside function
to denote the onset of appreciable evaporation when the spray's droplets attain the boiling point of the liquid fuel and the onset of oscillating evaporation. Note that equation (5) describes the two stages of evaporation of the gellant-based droplets. For temperatures less than T v insignificant evaporation occurs. For subsequent temperatures less than T p plain evaporation takes place from the proximity of the surface of the droplets. Upon attaining a temperature of and for higher temperatures evaporation occurs in a pulsating fashion as the gel within the droplet forms a shell at the droplet's surface thereby blocking release of fuel vapor until the elastic shell is ruptured, vapor is released, the shell reforms and so on, cyclically until all the fuel vapor is spent. The pulsating evaporation stage is modeled using a cosine function. Note that the equations are formulated from the perspective of laboratory coordinates with the flame propagating through a pre-mixture at rest. Equations (1-3) are to be solved in the two-dimensional region, 0 < x < d and À1 < y < 1 subject to the boundary conditions
The flame is assumed to propagate upwards. Hence, the appropriate boundary conditions at y ¼ AE1 are
Initial conditions contain a small temperature perturbation
The problem ( Results and discussion Figure 1 shows the average flame propagation velocity, V as function of the evaporation frequency !. (The method of determination is described in Appendix 1). The two limiting regimes for ! ! 0 and ! !1 may be concluded from Figure 1 . For small frequency the combustion wave propagates in an oscillatory manner (to be discussed later), whereas for high frequency the flame moves with constant velocity. In both cases the flame front is curved. The origin of both limits can clearly be seen from Equation (5) lim
which coincides with the liquid spray case considered in Kagan and Sivashinsky; 32 at the opposite limit of high frequency the term in square brackets becomes
HðT À T p Þ in a weak sense. In Figure 2(a and b) profiles of the liquid fuel concentration are drawn for a variety of values of the evaporation frequency for the one-dimensional counterpart of equations (1) (2) (3) (4) (5) . Both the aforementioned limits can be easily seen. The wavy appearance of the liquid fuel concentration for various moderate values of ! is clearly visible. However, the impact on the temperature profile is virtually non-existent and, in fact, the temperature distribution is almost independent of the frequency, for the parameter set studied, as can be seen in Figure 3 . This is the main reason for the weak impact of ! on the mean propagation velocity (Figure 1 ). This behavior is in stark contrast to gellant-based fuel diffusion flames for which, as mentioned before, significant hotspots were formed thereby impacting rather strongly and detrimentally on the temperature field, under certain operating conditions. [24] [25] [26] [27] When only liquid fuel is introduced as a spray of droplets it is known from literature 33, 34 that there is a very narrow range of vaporization Damko¨hler numbers Á for which the rich spray flame propagates unsteadily, without attaining a steady state. the interplay leads to flame oscillations. Clearly, for a gellant-based fuel spray this range depends on the gel evaporation parameters: the evaporating frequency ! and the temperature T p at which it is initiated (see equation 5).
In Figure 4 the parametric plane of T p -Á is drawn for a fixed value of ! ¼ 0.2. Computed points marked with circles correspond to conditions for steady-state flame propagation, whereas those marked with squares are for oscillating flame propagation. The bottom line corresponds to T p ¼ T v , for which oscillating gel evaporation occurs simultaneously with the overall evaporation. In this case the oscillation regimes are absent -all points are marked by circles. The opposite boundary T p ¼ 1 corresponds to the case where the gel evaporation never begins, i.e. the case of an effective pure liquid fuel spray. The temperature never reaches its adiabatic value (T b ¼ 1), due to heat losses for evaporation. Figure 4 shows the approximate neutral stability curve separating conditions for the existence of oscillating flames from those for which steady-state flame propagation is achieved. It can be observed that as T p decreases the region of flame oscillation becomes narrower until it fully disappears.
In Figure 5 the parametric plane ! -Á is drawn for a fixed value of T p ¼ 2T 0 ¼ 0.338. As in Figure 4 , points marked with circles correspond to conditions for steady-state flame propagation whereas those marked with squares are for oscillating flame propagation. For the limiting case of ! ¼ 0 it is clear that there is a range of values of the vaporization Damko¨hler number for which oscillating flame propagation occurs. As the frequency of evaporation increases this range becomes narrower until above some critical value, ! ¼ 0.225, all flames propagate steadily. Similar qualitative behavior was found for other relevant values of T p . Thus, the presence of the gel-based fuel droplets serves to reduce the critical range of values of the vaporization Damko¨hler number for which flame oscillations occur, thereby exerting some stabilizing influence over the combustion. This is quite in contrast to the undesirable role of the gel-based fuel droplets in the context of laminar spray diffusion flames, as described in detail in literauture.
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Conclusions
The propagation behavior of organic gellant-based premixed spray flames was investigated numerically. The possibilities of both steady and unsteady regimes of propagation were uncovered and found to be dependent on the temperature of onset of pulsating evaporation of the organic gellant-based fuel droplets and on the actual frequency of pulsations they exhibit. Maps of the neutral stability curves were drawn in the planes of the pulsating evaporation onset temperature/ evaporation frequency -vaporization Damko¨hler number, clearly delineating the regions of oscillatory propagation. Unfortunately, no experimental measurements of such flames are to be found in the literature. It is hoped that this work will engender such research so as to validate the theory and/or suggest how it may be improved upon. In any event, future work will focus on upgrading the current model to incorporate more detailed features of gel droplet evaporation/combustion, such as those discussed in He et al., 21 rather than relying on a pre-dictated mode of oscillatory evaporation.
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In this appendix some details of the numerical procedure that was adopted to solve the governing equations are given. As was mentioned in the section, in which the description of the model is given, the solution is sought in an infinite 2D domain 0 5 x 5 d, À1 5 y 5 1 (see Figure 6 ). The computational region defined by R < y < R þ L is part of the infinite solution domain, where R is the lower boundary of a moving window and L is the constant window height. The window is positioned around the flame front. The fresh mixture is above the window, in y > R þ L, and the products are below at y < R. The flame propagates in the positive ydirection. When the most forward part of the flame approaches the upper boundary, the windows position is moved upward by increasing R. As a result R ¼ R(t) is obtained, the numerical derivative of which is precisely the flame velocity V. Conditions (8) and (9) hold on the upper (y ¼ R þ L) and lower (y ¼ R) boundaries of the computational window, respectively.
The rectangular window is covered by a uniform mesh in both directions. The spatial and time steps were taken to be Áx ¼ Áy ¼ 0:1l th and Át ¼ 0:01l th =U b . These values were chosen after performing resolution tests. Four functions, T, C, C d , t p are determined at all mesh points with their initial values following equations (10 and 11) and R(0) ¼ ÀL/2. The numerical procedure consists of two levels of splitting. The outer level deals with splitting according to the physical processes: (a) combustion and evaporation 
